Modification of ink-jet printed silver source and drain electrodes for organic field-effect transistors ͑FETs͒ with the electron acceptor 2, 3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane ͑F 4 TCNQ͒ was investigated. Solution-based deposition of F 4 TCNQ onto ink-jet printed silver electrodes formed using either a nanoparticle-based or a metal organic decomposition ink, lead to a greater than tenfold improvement in FET mobility. Using these modified electrodes with the organic semiconductor 6,13-bis͑triisopropylsilylethynyl͒ pentacene yields devices with a charge carrier mobility up to 0.9 cm 2 V −1 s −1 and a current on/off ratio of 10 6 .
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Another approach is through surface modification of the already deposited source/drain electrodes, [8] [9] [10] [11] [12] [13] using, for example, self-assembled monolayers ͑SAMs͒, 8 layers of conducting polymers, 9 and metal-oxide layers. 10 While research has largely focused on the postdeposition modification of gold contacts, other metals, such as silver [11] [12] [13] have also been studied.
In this report, the modification of ink-jet printed silver electrodes with the organic electron acceptor 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane ͑F 4 TCNQ͒ is studied. F 4 TCNQ is known to produce charge transfer complexes with metals such as silver and copper, which alters the work function by introducing dipoles at the surface.
14 While these layers are often deposited under vacuum conditions, reports have also described solution processing of organic acceptors. 12, 13 A recent study showed that blanket solution deposition of F 4 TCNQ gave an increase in work function for copper electrodes from 4.5 to 5.1 eV, which reduced injection barriers in poly͑3-hexylthiophene͒-dithienyltetrafluorobenzene FETs. 12 Solution processing of the similar acceptor 7,7,8,8-tetracyanoquinodimethane in pentacene FETs gave roughly a tenfold increase in mobility along with reduced contact resistance using vapordeposited silver or copper source and drain contacts. 13 Here, devices with either pristine or F 4 TCNQ solution modified ink-jet printed silver contacts are studied in top-gate configuration using the soluble small molecule acene semiconductor 6,13-bis͑triisopropylsilylethynyl͒ pentacene ͑TIPS-pentacene͒ ͑Outrider Technologies͒. 15 The TIPS-pentacene HOMO is located at 5.3 eV, 11 which is relatively well aligned to the reported value of 5.15 eV for vapor deposited F 4 TCNQ on silver.
14 Two different types of printable silver inks were studied; a nanoparticle based ink ͑Ag-NP͒ 4 as well as a metal organic decomposition ͑MOD͒ ink based on silver neodecanoate ͑Ag-neo͒. 16, 17 The Ag-NP ink was sourced from the Cabot Corporation and has previously been used as electrodes in both n-and p-type organic FETs. 3, 5, 18 The Ag-neo ink was made by preparing silver neodecanoate according to a previously described method 16 and dissolving it in o-xylene to 25 wt %. These two inks represent different approaches for forming silver features from solution. For the Ag-NP ink, the small size of the silver particles allows them to be suspended in solution, and when heated the NPs sinter together to form a continuous silver film. 4 Using the Ag-NP ink, silver features with a resistivity of 1 ϫ 10 −6 and 3 ϫ 10 −7 ⍀ m were achieved when samples were annealed at 100 and 140°C, respectively, for 15 min on a hot plate. In the case of the Ag-neo ink, silver neodecanoate is completely dissolved, giving a homogeneous solution which degrades upon heating to form a silver layer. 16, 17 In order to convert the Ag-neo ink higher temperatures were needed, with a resistivity of 2 ϫ 10 −7 ⍀ m achieved after 20 min of heating at 160°C. Figure 1 shows a diagram as well as optical images of the completed devices used for this study. A notable difference in width of the printed silver source and drain features can be observed from the images in Figs. 1͑b͒ and 1͑c͒, with the silver lines printed from the Ag-NP ink having a width of 65 m, compared with 265 m for the Ag-neo ink. This difference in feature size is due to the use of different print heads and solvents for the two inks. The Ag-NP ink was printed with a Spectra SX-3 print head ͑ϳ10 pL drop volume͒, whereas the Ag-neo ink was printed using a Microfab head with a 60 m nozzle orifice ͑ϳ100 pL drop volume͒. In order to control spreading of the silver ink drops, the glass substrate was treated with a phenethyltrichlorosilane ͑PETCS͒ SAM ͑Ref. 19͒ ͑deposited from a 1 mg mL −1 solution in toluene͒. The SAM decreases the surface energy of the substrate ͓Fig. 2͑b͔͒, confining the Ag-NP ink drops ͑eth-ylene glycol-based solvent͒ to a greater extent than the Agneo drops, which contain a lower surface tension solvent ͑o-xylene͒. The semiconductor ͑TIPS-pentacene͒ was deposited onto the source/drain contacts by spin-coating, under N 2 , from a 20 mg mL −1 solution in tetralin, forming the crystalline film seen in the optical images of Fig. 1 . Although the semiconductor is deposited on top of the printed source and drain electrodes, it is still visible in the optical image taken through the substrate when the Ag-neo ink is used ͓Fig. 1͑c͔͒. This is because, due to spreading of the printed drops, the silver film from the Ag-neo ink is thin enough ͑ϳ50 nm͒ to be somewhat transparent, while printing the Ag-NP ink results a much thicker ͑ϳ400 nm͒ opaque silver film.
Prior to semiconductor deposition, treatment of the source and drain contacts with F 4 TCNQ was carried out, under N 2 , by covering the substrates with a 2 mg mL −1 solution of F 4 TCNQ in 1,2-dichlorobenzene ͑o-DCB͒ for 2 min. The substrate was then rinsed with o-DCB in order to remove excess F 4 TCNQ. Sessile drop water contact angles for a number of the different surfaces in this OFET structure are reported in Fig. 2͑b͒ ͑the untreated silver samples referenced here were washed in o-DCB in order to mimic the conditions used for F 4 TCNQ treatment͒. While the two untreated silver surfaces show different contact angles, after F 4 TCNQ treatment and rinsing similar contact angles are observed for both surfaces suggesting that the electrodes have been modified by F 4 TCNQ and that it is well adhered. The F 4 TCNQ also has the effect of making the contact angle on the silver surface similar to that of the contact angle on the substrate ͑PETCS coated glass͒. Decreasing the surface energy contrast between the source/drain electrodes and the channel region assists in achieving a uniform coating of the semiconductor by suppressing preferential wetting of the solution onto a particular feature.
The dielectric was formed by spin-coating, under N 2 , a 3.6 wt % solution of Cytop SP2 in CT-Solv 180. Solutions of soluble perfluoropolymers in perfluorinated solvents are orthogonal to organic semiconductors ͑which is necessary for solution processed top-gate OFETs͒ and result in a lowenergy dielectric/semiconductor interface. 20 The resulting surface, however, is strongly antiwetting ͓Fig. 2͑b͔͒, and attempting to ink-jet print the gate electrode onto the Cytop surface lead to discontinuous silver features ͓Fig. 2͑c͔͒. In order to achieve well-defined, continuous printed features a higher surface energy is needed. To this end, the Cytop was coated with a layer of the vapor deposited polymer Parylene N, giving a capacitance of 4.2Ϯ 0.1 nF cm −2 for the bilayer dielectric. Well-defined silver features could then be printed onto the Parylene coated Cytop, as shown in Fig. 2͑d͒ . Extended heating of these samples above the glass transition temperature of Cytop ͑108°C͒ caused blistering of dielectric film, likely due to poor adhesion between the Cytop and Parylene layers. For this reason, the Ag-neo ink could not be used to form the gate contacts, since temperatures of ϳ160°C are needed for conversion. Instead, for all devices, the Ag-NP ink was used to print the gate contacts since sufficiently conductive features can be produced at lower temperatures ͑100°C͒.
Representative transfer characteristics for devices with and without F 4 TCNQ treatment, using source/drain electrodes formed from both ink-jet printed Ag-NP and Ag-neo inks are shown in Fig. 3 . As above, untreated samples were first washed with o-DCB to mimic F 4 TCNQ treatment conditions. Field-effect mobility ͑͒ and threshold voltage ͑V t ͒ were extracted from the standard FET equation by taking a linear fit to the square root of the drain current in the saturation mode ͑V d =40 V͒ transfer scan. These values, along with current on/off ratio ͑I on / I off ͒, also taken from the V d = 40 V scan, are collected in Table I . For devices with source/drain electrodes deposited from the Ag-NP ink, low mobility and a high threshold voltage are observed. Im- proved performance is seen when the Ag-neo ink is used, with these devices showing over tenfold higher mobilities than when the Ag-NP ink is used. The origin for the difference between these two types of silver contacts is not clear, but may be due to the presence of a stabilizer on the silver NPs which aids in establishing contact between particles during sintering, 4 and could have an effect on charge transfer between the contacts and the semiconductor.
FETs with F 4 TCNQ modified electrodes ͓Figs. 3͑c͒ and 3͑d͔͒ show enhanced performance when compared with devices with untreated silver electrodes ͑Table I͒. Relatively low hysteresis and a charge transport mobility of up to 0.9 cm 2 V −1 s −1 were observed for samples with both modified Ag-NP and Ag-neo electrodes. These results compare well with a previous study, where a mobility of up to 1.1 cm 2 V −1 s −1 was reported for top-gate TIPSpentacene:poly͑triarylamine͒ ͑PTAA͒ blend devices with a Cytop dielectric and SAM modified vapor-deposited gold source/drain contacts. 21 While the Ag-NP and Ag-neo silver inks result in different performance for the untreated samples, after F 4 TCNQ modification similar results are obtained for both inks, indicating that the treatment has been effective in both cases. The low off currents ͑no higher than observed for the devices with untreated electrodes͒ suggest that significant doping 22 of the semiconductor due to residual F 4 TCNQ in the channel region has not occurred. Contact resistance ͑R c ͒ was extracted for Ag-neo ink devices using the transfer length method by extrapolating a linear fit of a plot of the total resistance ͑R t ͒ versus channel length to L = 0, where R t was calculated from the linear region of the output characteristic. For a group of transistors with channel lengths ranging from 30-350 m, at V g = 40 V, contact resistance values of 6 ϫ 10 2 and 2 ϫ 10 1 k⍀ cm were observed for devices with untreated and F 4 TCNQ treated electrodes, respectively; indicating that this modification is improving contact between the printed silver and the organic semiconductor. Solution processed F 4 TCNQ deposited without any direct patterning can be used to modify silver surfaces formed from two different types of ink-jet printed ink, thereby improving contact between the electrodes and semiconductor, yielding high quality organic FETs based on TIPS-pentacene. This approach allows for low-cost, high conductivity, ink-jet printable materials to be used as source/drain electrodes while retaining good device performance.
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